Adequate dietary iodine supplies and thyroid hormones are needed for the development of the central nervous system (CNS) and brown adipose tissue (BAT) function. Decreases in plasma thyroxine (T 4 ) concentrations may increase the requirement for the selenoenzymes types I and II iodothyronine deiodinase (ID-I and ID-II) in the brain and ID-II in BAT to protect against any fall in intracellular 3,3 ,5 tri-iodothyronine (T 3 ) concentrations in these organs. We have therefore investigated selenoenzyme activity and expression and some developmental markers in brain and BAT of second generation seleniumand iodine-deficient rats. Despite substantial alterations in plasma thyroid hormone concentrations and thyroidal and hepatic selenoprotein expression in selenium and iodine deficiencies, ID-I, cytosolic glutathione peroxidase (cGSHPx) and phospholipid hydroperoxide glutathione peroxidase (phGSHPx) activities and expression remained relatively constant in most brain regions studied. Additionally, brain and pituitary ID-II activities were increased in iodine deficiency regardless of selenium status. This can help maintain tissue T 3 concentrations in hypothyroidism. Consistent with this, no significant effects of iodine or selenium deficiency on the development of the brain were observed, as assessed by the activities of marker enzymes. In contrast, BAT from selenium-and iodine-deficient rats had impaired thyroid hormone metabolism and less uncoupling protein than in tissue from selenium-and iodine-supplemented animals. Thus, the effects of selenium and iodine deficiency on the brain are limited due to the activation of the compensatory mechanisms but these mechanisms are less effective in BAT.
Introduction
Adequate supplies of iodine and thyroid hormones are needed for the normal development of the central nervous system (CNS) (Morreale de Escobar et al. 1993) . Thus, iodine deficiency during the development of the CNS can cause a wide range of damaging effects (reviewed by Ford & Cramer 1977) . Thyroxine (T 4 ) produced in the thyroid gland is biologically inactive without further metabolism to 3,3 ,5 tri-iodothyronine (T 3 ). Up to 80% of circulating T 3 is produced by the activity of the selenium-containing enzyme type I iodothyronine deiodinase (ID-I) (Leonard & Visser 1986 ). Type II iodothyronine deiodinase (ID-II) also converts T 4 to T 3 and regulates the intracellular supplies of T 3 in pituitary, brain and rodent brown adipose tissue (BAT) (Safran et al. 1991) . This ID-II activity accounts for 80% of nuclear T 3 in the cerebral cortex and 50% in the pituitary (reviewed by Larsen & Berry 1995) . Some evidence indicated that ID-II was not a selenoenzyme; however, cloning of the enzyme and the fact that its activity can be decreased by selenium deficiency indicates that it contains selenium , Berry et al. 1991b , Chanoine et al. 1993 , Davey et al. 1995 , Croteau et al. 1996 .
Thus, thyroid hormone metabolism may be impaired by both selenium and iodine deficiencies. In severe selenium deficiency hepatic ID-I activity decreases to approximately 10% of control levels leading to an increase in plasma T 4 concentrations. However, a suppression of the normal negative feedback mechanism on the pituitary allows plasma thyroid stimulating hormone (TSH) concentrations to be maintained or increased , Mitchell et al. 1996 . Plasma T 3 concentrations are only slightly decreased in selenium deficiency due to several compensatory mechanisms including the maintenance or increase in thyroidal ID-I activity and decreased hepatic T 3 degradation (Beckett et al. 1992 , Chanoine et al. 1992 , Beech et al. 1995 .
In iodine deficiency, the decrease in plasma T 4 concentrations stimulates the anterior pituitary gland to secrete TSH which acts on the thyroid gland to increase metabolic activity and production of thyroid hormones. Higher thyroidal ID-I activity is one mechanism whereby plasma T 3 concentrations are maintained, at the expense of T 4 concentrations, in severe or prolonged iodine deficiency. However, the developing foetus requires an adequate supply of maternal T 4 for normal brain development (Morreale de Escobar et al. 1993) .
We have examined the effects of separate and concurrent selenium and/or iodine deficiencies over two generations of rats on selenoenzymes in brain and BAT. Additionally, the effects on brain developmental biochemistry were assessed by assay of specific marker enzyme activities and the expression of the neurotrophic factor, NT-3 and the myelin basic protein (MBP) genes. The function of BAT was determined by measurement of uncoupling protein.
Materials and Methods

Chemicals
Unless otherwise stated, chemicals were purchased from Sigma Chemical Company, Poole, Dorset, UK. Multiprime labelling kits, Hyperfilm-MP and [
32 P]dCTP were purchased from Amersham International, Amersham, Bucks, UK. Genescreen nylon membrane was purchased from NEN-Dupont, Stevenage, Herts, UK.
Details of the experimental design have been described previously (Mitchell et al. 1996) . In brief, mothers were fed a selenium-and iodine-supplemented control (+Se+I) diet, a selenium-deficient (-Se) diet, an iodine-deficient (-I) diet or a selenium-and iodine-deficient (-Se-I) diet from weaning, throughout pregnancy and lactation and the offspring were killed at 19 days post partum. Mothers and pups were anaesthetised with isofluorane and blood samples collected by cardiac puncture. The brain was dissected from the cranium and the cerebrum, cerebellum, mid-brain, brain stem and pituitary were dissected using a razor blade and scalpel, and immediately frozen in liquid nitrogen. The interscapular BAT was also removed and frozen in liquid nitrogen. Thereafter, tissues were stored at 70 C until use.
Enzyme activities and thyroid hormone concentrations
ID-I and ID-II activity measurements in pituitary, BAT and brain homogenates were based on the procedures used by Arthur et al. (1990) . Cytosolic glutathione peroxidase (cGSHPx) was determined by the method of Beckett et al. (1990) , and phospholipid hydroperoxide glutathione peroxidase (phGSHPx) was determined by the method of Weitzel et al. (1990) .
cDNA probe preparation
The 0·7 kb cGSHPx probe was generated from the 1·5 kb clone kindly provided by Dr P Harrison, Beatson Institute, Glasgow, UK (Chambers et al. 1986 ) using EcoRI. The ID-I 0·55 kb probe from the full-length rat cDNA provided by Drs Berry and Larsen was prepared using HindIII (Berry et al. 1991a ) and the rat phGSHPx probe was a 0·81 kb EcoRI fragment of the rat cDNA (Sunde et al. 1993) . The 18 S 1·4 kb BamHI fragment was derived from the rRNA cDNA provided by Dr Fulton, Beatson Institute (Erickson et al. 1981) . The 2·21 kb MBP cDNA was kindly provided by Dr R Lazzarini, The Mount Sinai School of Medicine, New York, USA (Kristensson et al. 1986 ) and the NT-3 cDNA (Lindholm et al. 1993) was from Dr D Lindholm, Max-Plank Institute for Psychiatry, Munich, Germany. Other cDNA probe preparations plus RNA preparation and hybridisation have been described previously (Bermano et al. 1995 , Mitchell et al. 1996 . 
RNA preparation and hybridisation
Total RNA was isolated from frozen tissues by the guanidinium/phenol/chloroform extraction procedure (Chomczynski & Sacchi 1987) . Aliquots (20 µg) of the RNA preparations were separated by electrophoresis on a 1·2% denaturing agarose gel and the separated RNA was transferred to Genescreen nylon membrane (NENDupont) by capillary blotting. RNA was fixed to the membranes using U.V. light and thereafter stored dry until use. Membranes were prehybridised for 6 h at 42 C with 0·1 mg/ml denatured salmon sperm DNA, 1  NaCl, 10% dextran sulphate, 50% formamide, 0·2% bovine serum albumin, 0·2% polyvinylpyrrilidone, 0·2% Ficoll, 0·1% sodium pyrophosphate, 1% SDS and 50 m TrisHCl, pH 7·5. Hybridisation was performed overnight with 25 ng antisense cDNA labelled with [ 32 P]dCTP by random priming (Multiprime kit from Amersham International). The labelled cDNA was purified by gel filtration on Sephadex G50 before adding to the prehybridisation mix. The membranes were washed to remove excess non-specifically bound probe; two washes in 2 SSC (20 SSC contains 0·3  Na 3 citrate, 3  NaCl, pH 6·5) at room temperature for 5 min followed by two washes at 65 C for 1 h in either 1 SSC, 1% SDS (cGSHPx, phGSHPx, ID-I) or 0·2 SSC, 1% SDS (18 S rRNA), and a final wash in 0·1 SSC at room temperature. mRNA was quantified using a Packard Instantimager and by autoradiography against Hyperfilm-MP at 70 C.
After quantification with a particular probe, membranes were washed in 0·1% SDS at 95 C for 10 min to remove the label before rehybridisation. Quantification was achieved by expressing the counts for each lane on the membrane per unit of hybridisation with 18 S rRNA to correct for any variation in loading or transfer to the membrane.
Brain cell-specific marker enzyme assays
-D-glucuronidase and N-acetyl -D-galactosaminidase as markers of neuronal and glial cells were measured by the procedure of Sinha & Rose (1972) . 5 Nucleotidase was measured by the procedure of Cammer et al. (1980) and 2 ,3 -cyclic 3 -phosphohydrolase (CNPase) was measured by the procedure of King et al. (1983) . The latter two 
Selenoenzymes in brain and brown adipose tissue · J H MITCHELL and others 257
enzymes are associated with the oligodendrocytes of the myelin sheath.
Statistical analysis
Group means were compared by analysis of variance using the Genstat Statistics Package (Genstat 5 Committee, Genstat 5 release 3, reference manual 1993, Carendon, Oxford, Oxon, UK). In addition, effects of selenium and iodine deficiencies were analysed separately to determine the significance of the effects of the single deficiencies.
Results
Pituitary selenoenzyme activities
Pituitary ID-I activity is normally approximately 10% of that in the liver . In the adult rats ID-I activity in pituitary glands was unaffected by selenium or iodine deficiencies but was decreased by 50% in animals deficient in both selenium and iodine (Table 1) . ID-I activity in pup pituitary homogenates was unaffected by dietary selenium and iodine supply. In contrast, pituitary ID-II activity was less than 0·01 fmol I released/min/mg protein in iodine-supplemented animals, and increased at least 100-fold in both adults and pups that were iodine deficient or selenium and iodine deficient (Fig. 1) . In adults and pups pituitary cGSHPx activity was decreased in both selenium-deficient groups but was unaffected by iodine deficiency alone (Table 1) . phGSHPx activity was decreased by selenium and iodine deficiencies alone or together in adult pituitary homogenates. There was insufficient pup pituitary tissue to determine phGSHPx activity.
Brain selenoenzyme activities and mRNA abundances
ID-I activity in the cerebrum, cerebellum, mid-brain and brain stem was approximately 2-10% of the activity in the pituitary gland (Table 2) . ID-I activities were unaffected by selenium or iodine supply in all the regions of the adult brain studied and in the cerebrum and mid-brain of the pup brain. However, they were decreased by selenium deficiency in pup cerebellum and by iodine deficiency in pup brain stem. Iodine deficiency induced ID-II activity in all the brain regions studied in adults and their 19-day-old pups (Fig.  2) . The induction was similar in the brain regions, and in all but the cerebrum the activity was higher in the pups than in the adults (Fig. 2) .
cGSHPx activity was significantly decreased by selenium and/or iodine deficiency in adult cerebrum and by combined selenium and iodine deficiency in adult brain stem but mRNA abundances were not changed (Table 3) . cGSHPx activity and mRNA abundances in adult cerebellum and mid-brain were unaffected by selenium or iodine supply. No significant effect of selenium and/or iodine deficiency on phGSHPx activity or mRNA abundance was observed in the adult rat cerebrum, cerebellum or brain stem but activity was decreased in both seleniumdeficient groups in the mid-brain. Mid-brain phGSHPx mRNA abundance was unaffected by selenium deficiency but increased in combined selenium and iodine deficiency (Table 3) .
cGSHPx activities and mRNA abundances in the pup cerebrum and mid-brain were not significantly affected by selenium or iodine deficiencies (Table 4) . cGSHPx activity in pup cerebellum was decreased in both seleniumdeficient groups but mRNA abundance was only reduced in combined selenium and iodine deficiency. Pup brain stem cGSHPx mRNA abundances were decreased in all three deficient groups, with enzyme activity also being decreased in both selenium-deficient groups. phGSHPx activity and mRNA abundance were unaffected by selenium or iodine supply in the cerebrum, cerebellum and mid-brain but mRNA abundance in the brain stem was decreased in the two selenium-deficient groups.
Brain cell-specific marker enzymes and developmental gene expression
Selenium and/or iodine deficiencies had no significant effect on the cell-specific marker enzyme activities in pup cerebrum and cerebellum (Table 5) . MBP and NT-3 mRNA levels in the cerebellum of the 19-day-old rats were also unaffected by all the treatments (not shown).
Brown adipose tissue selenoenzymes and uncoupling protein
Selenium deficiency decreased both cGSHPx and phGSHPx activities in BAT from both mothers and pups (Table 6 ). Iodine deficiency caused a 20% decrease in cGSHPx activity in BAT from the adult rats. phGSHPx in both adult rats and pups was unaffected by selenium or iodine deficiency alone but was decreased by combined deficiencies. BAT ID-II activity was decreased 40% and 60% by selenium deficiency in adults and pups respectively but was increased four-to fivefold by iodine deficiency. However, activity in combined selenium and iodine deficiency was similar to that in the controls. Concentrations of uncoupling protein were decreased by 60% in BAT from pups with combined selenium and iodine deficiencies but were unchanged in adult animals (Table 6 ).
Discussion
Plasma T 4 concentrations are regulated by TSH, which acts on the thyroid gland to control production of thyroid hormones (Kohrle 1989) . The mechanism which controls the feedback of T 4 on the pituitary and the release of TSH may depend on the intrapituitary conversion of T 4 to T 3 (see Arthur et al. 1990 ). However, despite increased pituitary ID-II activity in iodine deficiency, plasma TSH concentrations also increase (Fig. 1) . This may, in part, be due to the balance of ID-II activity and total T 4 /T 3 
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concentrations in the pituitary, with the latter playing the dominant role in the control of plasma TSH concentrations.
Brain ID-I, cGSHPx and phGSHPx activities and expression remained relatively constant in the selenium and iodine deficiencies. In iodine deficiency retention of ID-I activity was complemented by large increases in ID-II activity in all brain regions in adult rats and their pups (Fig. 2) . This provides the potential to prevent any decrease in tissue T 3 concentrations as T 4 produces approximately 80% of T 3 bound to nuclear receptors in the brain (Larsen & Berry 1995) . However, kinetic evidence indicates that there are two mechanisms for iodothyronine 5 deiodination in the rat cerebral cortex (Visser et al. 1982) . Our results are also consistent with ID-I and ID-II activities in the pituitary and brain both contributing to tissue T 3 concentrations, with ID-II activity having a more important role in hypothyroid animals. Induction of ID-II occurs in experimentally induced hypothyroidism, with tissue T 3 concentrations remaining unchanged (SerranoLozano et al. 1993) . ID-II activity was also increased 6-fold in the cerebral cortex of third generation seleniumdeficient rats which had been iodine deficient for 2 months (Meinhold et al. 1993) . In this experiment, selenium deficiency caused hepatic ID-I and cGSHPx activities and mRNA abundances to fall to less than 10% and 50% of control levels respectively (Mitchell et al. 1996) , hepatic phGSHPx was much less affected. The effects of selenium and iodine deficiencies on brain ID-I activity, and on cGSHPx and phGSHPx activities were much less than those in the liver, indicating a preservation of selenium and selenoprotein expression in the brain when dietary selenium and iodine supplies are limited; this is consistent with the important roles of these proteins in neuronal function (Behne et al. 1988 , Buckman et al. 1993 .
Chemically induced hypothyroidism in pregnant rats decreases DNA, RNA and protein synthesis and inhibits cell growth, maturation and migration in the foetal brain (Legrand 1977 , Dussault & Ruel 1987 , Timiras 1988 . Failure of axons and dendrites to reach the expected number and length impairs the establishment of interneuronal contact and synapse formation. Such alterations are also reflected in the decreased concentrations of neurotransmitters and their metabolic enzymes (Dussault & Ruel 1987) .
Such artificially induced hypothyroidism provides valuable information on the mechanisms involved in the irreversible brain damage which may be caused by hypothyroidism, but at the same time tends to underemphasise the degree of thyroid hormone deficiency required to produce these effects. In the present experiment plasma T 4 concentrations in the iodine-deficient pups fell to less than 10% of those in controls and the thyroid gland weights increased fivefold (expressed as % body weight) (Mitchell et al. 1996, Table 2 ). Despite this, there were no significant effects on the activities of the cell-specific marker enzymes or the expression of the neurotrophic factor NT-3 or of the myelination marker MBP gene in selenium-and/or iodine-deficient rats. This implies normal brain development despite potential regulation of NT-3 gene expression by T 3 (Lindholm et al. 1993) . In contrast to the brain, BAT selenoperoxidase activities decreased in selenium deficiency. Iodine deficiency, however, caused a four-to fivefold increase in BAT ID-II activity which, unlike in the brain and pituitary was reversed by a concurrent selenium deficiency. The lower levels of uncoupling protein in combined selenium and iodine deficiencies, with decreased concentrations of plasma thyroid hormones and no compensatory increases in BAT ID-II are probably a direct consequence of impaired thyroid hormone metabolism (Tables 1 and 6 ). This is consistent with T 3 regulation of the levels of uncoupling protein mRNA in BAT (Bianco et al. 1988 ).
In conclusion, the brain is more able than BAT and liver to retain selenium and maintain selenoprotein expression when dietary supplies of the micronutrient are limiting (Tables 2-4 and 6, Mitchell et al. 1996) . Consequently, brain selenoenzyme activities and mRNA abundances are also maintained until very severe selenium deficiency occurs. A concurrent selenium deficiency exacerbates the hypothyroid effects of iodine deficiency as assessed by the effects on thyroid size in relation to body weight, TSH and the expression of uncoupling protein in BAT (Table 6 , Mitchell et al. 1996) . However, the effects on the brain are limited by the activation of compensatory mechanisms. Maintenance of ID-I and increase in ID-II activities in the brain are probably sufficient to convert the available T 4 to T 3 and allow normal development of the central nervous system. Also, the relative maintenance of the activity and expression of cGSHPx and phGSHPx suggests that adequate supplies of selenium are available to the brain and protects it from peroxidative damage. If brain ID-II is a selenoprotein, as is now suspected (Croteau et al. 1996) , there must be a very effective mechanism to retain selenium and allow induction in ID-II activity in combined selenium and iodine deficiency. A combination of maternal and foetal thyroid functions is required for normal brain development but, in the rat, a very severe and prolonged iodine deficiency is necessary before the potentially devastating effects of hypothyroidism on brain biochemistry become evident.
